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Interference effects are widely neglected in searches for new physics. This is the
case in recent publications on searches for W ′-bosons using leptonic final states.
We examine the effects of interference on distributions frequently used to determine
mass limits for possible W ′-bosons and show that there are important qualitative
effects on the behaviour of the new physics signal.
There are two main consequences. Firstly, exclusion limits where interferences
effects have not been considered are likely to have been overestimated. Secondly,
presenting experimental results as a function of a transverse mass cut rather than
in terms of the contribution of new physics to the total cross-section would be more
informative.
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2I. INTRODUCTION
Heavy charged W ′-bosons arise in a number of theories that extend the Standard Model
(SM) gauge group 1. The Left-Right symmetric (LR) class of models [2–4], based on the
enlarged symmetry SU(2)L ⊗ SU(2)R ⊗ U(1), is an old and popular example; within these
models the discovery reach of the LHC has been recently re-investigated [5–7] and bounds
have been derived using results published by the LHC collaborations [8]. A second class is
represented by extra-dimensional theories [9–11], where W ′-bosons emerge as Kaluza-Klein
excitations of the SM gauge bosons. Within the ADD model, the phenomenology of signals
from extra charged gauge bosons at the LHC have been discussed in Refs. [12, 13]. In the
RS1 model with gauge bosons in the 5D bulk and fermions on the UV brane, analogous
results are published in Refs. [14, 15]. Five-dimensional models can also be deconstructed
to the usual four-dimensional space-time [16–24], where they are described by chiral La-
grangians with extended gauge symmetries. Within this framework, Higgsless theories find
their natural 5D interpretation. The simplest deconstructed model is called minimal Hig-
gsless model (or 3-site in the linear moose language), and represents the 5D interpretation
of the old BESS model [25, 26]. The tension between ElectroWeak Precision Test (EWPT)
and unitarity requirements constrain the W ′±-boson to be almost fermiophobic [27–31]. Its
next-to-minimal extension (or 4-site model) described in Refs. [1, 32–36] relaxes the above-
mentioned dichotomy thus allowing sizeable couplings between extra W ′±-bosons and SM
fermions as predicted by more general extra-dimensional theories. Technicolor models rep-
resent the last class of theories implying the existence of new heavy charged gauge bosons
[37]. This class, which historically provides an alternative electroweak symmetry breaking
(EWSB) mechanism to the Higgs procedure, predicts multiple extra W ′± (and Z ′) bosons
[38]. For a recent phenomenological study, see [39].
Experimental searches for a W ′-boson at the Tevatron and the LHC are usually inter-
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1 W ′-bosons arise less frequently than Z ′-bosons as the extension needs to contain a SU(2) factor, while
for the latter a simple U(1) factor is sufficient. For a recent review on Z ′ scenarios, see [1]
3preted in the context of a benchmark scenario inspired by Ref. [40]. This model just
includes one extra charged vector boson with couplings to fermions identical to those of
the corresponding SM W -boson, and no mixing with the EW SM bosons. In this paper we
consider two representative models: the above model, which we refer to as the “benchmark
model”, and the 4-site model [32–36], which we feel is relevant in this context as fermion
couplings larger than in the more minimal 3-site model can be expected. Furthermore the
phenomenology of the latter model is close to that of Technicolour-type scenarios, so it
should be representative of this class of theories as well.
We use this framework to quantitatively discuss the topic of this paper, which is the
magnitude of the interference terms between BSM contributions and SM background, and
the importance of such terms in new physics signals. We note that at least some experimental
analyses performed by the LHC collaborations — the latest ones were published this summer
[41, 42] — do not include interference in computing the expected W ′-boson signal. For
these analyses Monte Carlo events are generated with PYTHIA, where the W ′ and the SM
background are simulated separately. These two contributions are then summed to represent
the prediction of the model, i.e. their mutual interference is assumed to be negligible. Within
a generic model, this assumption is valid close to the W ′ resonance peak, but may not be
elsewhere.
In this paper, we show the effect of the interference terms on the physical observables used
to search for a W ′-boson. The published results from the LHC collaborations are mainly
based on analysing final states with one isolated charged lepton and a neutrino. We will
show the impact of the interference terms on the dilepton transverse mass distribution. The
effect of interference is well known and has been previously discussed [43], in the context of
W ′ decaying to tb. Subsequent analyses of this channel have considered the interference [44],
whereas analyses using other final states have not. In this paper we focus on the leptonic
channel W ′ → lνl. It should however appear clearly that, in general, interference effects can
be important and their relevance should be established in particular analyses.
Similar computations of interference effects to the ones we present here, for the same
process, have been performed previously [45, 46]. In the first reference, the author points
out that the interference effect provides the most sensitive means of determining the helicity
of a potential W ′ while in the second paper the focus is on the evaluation of Next-to-Leading
order (NLO) QCD effects. As interference is still not taken into account in on-going searches,
4we discuss here the consequences of accounting for this contribution in experimental analyses.
We aim to discuss more specifically experimental searches and strategies used to extract
and present exclusion bounds on the W ′ mass. In the experimental analyses performed to
date, the expected signal is calculated taking into account only the pure W ′-boson con-
tribution. Although the search is conducted in a limited higher-energy region where the
importance of the interference terms is indeed reduced, the results are then extrapolated
over the whole mass-range in order to present limits on the cross-section that are inde-
pendent of any kinematic cut. However, the interference between W ′ and SM background
results in a significant change in the signal prediction: the BSM contribution to the total
cross-section can even be negative. Thus, this latter quantity is not, for a generic model,
representative of what the signal is in the search-window, and expressing the observed limit
in terms of it is not the most convenient choice. We therefore argue that the way of present-
ing 95% CL upper limits on the W ′-boson production cross-section could be improved, and
that leaving in a kinematic cut on the dilepton transverse mass would be more meaningful
and useful to theorists.
What we want to stress is that, unlike other effects such as NLO QCD corrections, the
interference contribution varies greatly over the kinematic range; it does not simply shift
the prediction by an overall factor. In the region of interest — close to the BSM resonance
peak — the interference is negligible as expected, therefore taking it into account should
not significantly shift the value of exclusion bounds on W ′-boson masses. Outside of this
range, however, it becomes important, thus is fundamental in determining an appropriate
search-window.
Although the interpretations of current searches are perfectly valid assuming a purely
right-handed W ′, transposing these results to a more general case is not trivial because of
the interference. We also hope to convey the message that in any search where interference
may occur and not only in this particular W ′ example, its importance has to be established.
In Section II, we discuss the interference terms and their generic effects. We underline
their potential impact on event generation and their importance to the signal of BSM physics.
In Section III, we quantify our considerations focussing on the heavy W ′-boson search at
the LHC considering, as mentioned before, a benchmark scenario based on Ref. [40] and the
4-site Higgsless model [1, 32–36], and we analyse the extraction of the 95% CL exclusion
bounds on the W ′-boson mass. We comment, in particular, on the way the 95% CL upper
5bound on the BSM physics cross-section is presented by the experimental collaborations.
II. THE IMPORTANCE OF INTERFERENCE TERMS
A. Background, signal & interference
In general, when considering a specific process that occurs both in the SM and in the
BSM model under investigation, there will be both SM and BSM diagrams contributing.
This happens, in particular, if one considers a model in which SM particles have heavier
partners with similar interactions (e.g. one or more left-handed W ′-bosons, as right-handed
ones would not actually couple to the same states, thus would not contribute to the same
matrix-element as the SM W -boson). Since the probability for the process to occur depends
on the total amplitude squared, there will be cross-terms between SM and BSM diagrams
on top of the purely SM or BSM contributions. In other words, the matrix element squared
entering the computation of a cross-section is
|M|2 = |MSM +MBSM |2 = |MSM |2 + |MBSM |2 + 2 Re (M∗SM · MBSM). (1)
The first of these terms is the SM prediction, which constitutes the irreducible background
in the search for new physics. The other two thus form together the signal of new physics,
since it is defined as the difference between the prediction of the hypothesised model and
the SM. The part of the signal that mixes together SM and BSM contributions is usually
referred to as the interference term.
It should be noted that, whenever one amplitude is significantly larger than the other,
the corresponding squared term will dominate the whole expression; on the other hand, if
both amplitudes are of the same order, all three terms of the expression will be comparable
in magnitude.
To illustrate the effects of interference, we focus on a simple case of particular interest:
a process in which the s-channel exchange of a given particle and of the corresponding
heavier resonance are the only contributing diagrams. This is what happens in the Drell-
6Yan production and decay of an extra W ′-boson. The cross-section goes like
σ
s
∝
(
a2SM
s−m2SM
+
a2BSM
s−m2BSM
)2
=
(
a2SM
s−m2SM
)2
+
(
a2BSM
s−m2BSM
)2
+ 2
(
a2SM
s−m2SM
· a
2
BSM
s−m2BSM
)
(2)
where mi are the masses of the resonances, ai the corresponding couplings to SM fermions,
and s is the center-of-mass energy squared.
The above-mentioned interference term is often neglected, and thus only the contribu-
tion of the extra heavy resonance alone is usually taken into account. For instance, the
current implementation of the benchmark model taken from Ref. [40] in PYTHIA does not
include interference. We will show that, although this approximation is reliable around the
resonance peak, it is not valid outside the peaking region. The validity domain of such an
approximation should be checked before performing any computation and not just in the
context of the charged Drell-Yan process with a W ′-boson.
B. Relative sizes & interplay
In energy-ranges close to either the SM or the BSM resonance, provided the BSM cou-
pling is not too small compared to the SM one (generally true for cases of interest), the
background or the pure BSM term, respectively, will dominate. However, there will be a
region somewhere between the two resonances (m2SM < s < m
2
BSM) where these two terms
are of the same order (in the zero-width limit and if aSM = aBSM , they are equal for
s = 1
2
(m2SM + m
2
BMS)). If the pure BSM term and the background are of the same order,
then the magnitude of the interference must be comparable to the other terms (in the zero-
width limit, when background and BSM part are equal, the interference is twice as large as
each of the other terms).
To summarise, it should be obvious from eq. (2) — if the couplings are not too different
from each other and the widths not too large — that as one approaches the SM peak, the
absolute magnitudes of the three terms are ordered as follows:
SM > interf. > BSM; (3)
close to the BSM resonance, the hierarchy is inverted:
BSM > interf. > SM; (4)
7but then there is an intermediate region where
interf. > BSM ∼ SM. (5)
The interference is therefore never the smallest contribution 2. If one wants to consider the
intermediate energy range in any way (for instance fitting to the shape of the distribution
in this region), the interference cannot be neglected. When subtracting the background
from the prediction, one cannot then consider the lower-energy region without including the
interference, as it dominates the signal there.
When the BSM coupling is small and/or the width of the extra resonance large, so that
even at the BSM resonance peak the background is important, the effect of the interference
is particularly striking: because of the sign change at the resonance, it makes the peak more
visible than one would expect when considering only the pure BSM contribution.
The other important feature of the interference one should note is that it is negative in
the entire range m2SM < s < m
2
BSM , unless the coupling factor appearing in the interference
term is negative, which happens only if the interaction structure of the BSM particle differs
from the corresponding SM one in a particular way. In our case of interest, the W ′ would
have to couple non-universally to fermions, with a sign-difference between the lepton and
quark couplings. The Un-unified Standard Model is an example of one such case [47].
We chose to focus our attention on the case where the interference is destructive between
the resonances: firstly, because it corresponds to the standard benchmark scenario; secondly,
because it leads to an important change in the behaviour of the BSM prediction, which
becomes negative in a large region of interest.
When considering hadron collisions, the partonic cross-section has to be convoluted with
the parton distribution functions (PDF). Moreover, when searching for a W ′-boson in a
charged lepton plus neutrino final state, the kinematic observable used is the dilepton trans-
verse mass mT , not
√
s. These details do not modify the general features we have just
discussed, as should be evident from the results presented in the following sections.
If more particles contribute and/or the interaction structures of the particles are not the
same, then extra complications occur. For instance, in the corresponding Z ′ process there
2 At both resonance peaks the interference changes sign and therefore is the smallest of all three
contributions in the narrow region where this happens, whose size (in
√
s) is approximately
mi Γ
2
i /(2 (m
2
BSM −m2SM )), with mi and Γi being the mass and width of the corresponding resonance.
8are two SM particles contributing: the Z and the photon; these do not couple to fermions
of one helicity only unlike the SM W , and the contributions from the down-type and up-
type quark processes are in general different. As a result, in the large variety of Z ′ models
[1], one observes differences in the relative size and sign of the interference. In the present
paper we focus on the charged Drell-Yan channel with SM-like W ′-bosons (i.e. destructive
interference), and will confine any discussion of the neutral case to future work.
C. Problem with event generation
The inclusion of the interference term in computing distributions and cross-sections is
easy from the theoretical point of view, especially for 2 → 2 particle processes like the
Drell-Yan production and decay of W ′-bosons. The problem arises only when generating
the expected number of events in a complete simulation.
When investigating different BSM scenarios in detail, and generating events for each
case, one would wish to separately consider the SM part, which is common to all, and the
“model dependent” BSM prediction. If the two contributions to the cross-section are both
positive, it is straightforward to independently produce background and new physics events,
and then add these up using appropriate re-weighting. It is thus possible to simulate the
SM events once (which represents the largest number of events in general), thereby saving
computational time.
We have though just pointed out that the non-SM part of the cross-section can be nega-
tive. So unless a consistent procedure for “subtracting” events is established, overcoming the
problem of dealing with negative weights, the separation between SM and BSM contribution
in the event generation is not possible. One could simply generate everything every time,
but the required computational effort makes this solution impractical.
D. The importance of an mT cut and/or including the interference
When considering hadron collisions, thus integrating the partonic cross-section (convo-
luted with PDFs) over the whole energy range, the interference can be the dominant con-
tribution to the BSM signal, making the predicted total cross-section smaller than in the
SM. The pure BSM term alone cannot properly represent the new physics contribution to
9the total cross-section simply because the interference term contains a SM factor, which
becomes large at lower energy.
In order to isolate new physics, one should cut out the low-energy region where the SM
dominates (and where subsequently the interference term becomes large compared to the
pure BSM contribution). In the case of a W ′-boson search in charged lepton plus neutrino
final states, this means implementing a minimum mT requirement. This is indeed a common
approach in experimental search strategies.
Observed experimental limits are currently expressed in terms of the contribution of the
pure BSM term alone to the total cross-section, as a means of making them independent of
any kinematic cuts. As we just have argued, the meaning of this particular quantity is not
straightforward when considering a model in which the interference does not vanish.
Furthermore what is not necessarily obvious and we therefore want to stress is how
extrapolating the result over the complete range is not useful from a theoretical point of
view. If one wants to compare an observed limit with a complete BSM prediction that
includes destructive interference, imposing a high enough mT cut is a necessity. Knowing
the value of the mT cut used in the data analysis, it is in principle possible to undo the
extrapolation step and obtain at least an estimate of the limit on the cut cross-section
by rescaling the limit on the total cross-section according to the fraction of pure BSM
contribution in the search-window. This might only be an approximation if additional
corrections enter the extrapolation procedure experimentalists use. More importantly it is
only possible to recover limits corresponding to the specific values of the mT cut used in
the experimental analyses. For some models (in general for a high enough W ′-boson mass),
the provided cuts might not be optimal, i.e. the predicted BSM cross-section including the
interference would be larger for a higher mT cut. This theoretical cross-section might even
be negative for the given cuts; one would then have to extrapolate the provided limit to a
higher mT cut in order to make a comparison, which should lead to an underestimation of
the bound on the mass of a W ′-boson. Conversely, neglecting the interference in such a case
would result in a too strict mass exclusion limit.
As the optimal mT cut strongly depends on the model, we suggest that the observed
limit on the BSM cross-section should be presented as a function of a minimum mT cut.
The theoretical prediction (including the interference) could be then accordingly computed
keeping the mT cut dependence. Note that the theoretical cross-section for the complete
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BSM signal is maximal when choosing the mT cut such that the differential cross-section
(in mT ) is zero at the cut, thus integrating over the positive region only.
We conclude this section with a few additional side remarks.
As argued above, it is important to implement an mT cut, whether it is to make sure
the interference can reasonably be neglected or in order to guarantee the predicted cross-
section to be positive. Going back to the issue raised in section II C, if a high enough mT
cut is chosen, one can ensure the positiveness of the differential cross-section thus of the
weight of the generated events. It should therefore be possible to generate separate BSM
events including the interference contribution provided the kinematic range is appropriately
restricted.
If one is interested in more sophisticated search techniques involving fitting to the shape
of the distribution, and no peak is clearly visible, this implies considering the intermediate
energy-range where the interference is an important contribution and cannot be ignored.
Finally, because of the interference, a reduction of events will be predicted below the
region where the BSM peak starts to emerge over the background. If the deviation is
significant enough, this might actually be a useful way to probe hypothetical resonances at
higher energy. It might at least have an effect on how the background should be estimated,
and thus care would be required in that respect as well.
In the next section, we illustrate our considerations by considering the W ′-boson search
in the Drell-Yan leptonic channel, pp→ W,W ′ → lνl, within the benchmark and the 4-site
models.
III. HEAVY CHARGED GAUGE BOSONS AT THE LHC
In this section, we give quantitative examples of the destructive interference pattern
discussed in Sec. II. We use two reference models: the benchmark and the 4-site. We also
analyse the impact of the interference terms on W ′-boson searches at the 7 TeV LHC.
A. The benchmark model
In the benchmark model inspired by Ref. [40], the W ′-boson is considered a heavy
analogue of the SM W -boson with the same couplings to left-handed fermions. Thus, W ′
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decay modes and branching ratios are very similar to those of the SM W -boson, with the
only exception being the top-bottom quark channel which opens up for W ′ masses above
180 GeV. No mixing (or interaction) with SM gauge bosons or other heavy gauge bosons
such as Z ′s is assumed. Its width (neglecting the top-quark mass) is therefore simply
ΓW ′ =
4
3
mW ′
mW
ΓW . (6)
As discussed in the previous section, the prediction of this model does contain interference.
One could imagine a similar model in which the interference vanishes by making theW ′ right-
handed: this would require either the inclusion of light (otherwise sterile) right-handed
neutrinos or extra bosons coupling purely to right-handed quarks while still coupling to
left-handed leptons. Current analyses performed without the inclusion of any interference
thus formally correspond to testing such a model instead of the benchmark model with
left-handed coupling.
Within this benchmark framework, CDF [48] and D0 [49] searched for a W ′-boson in the
electron-neutrino final state, and extracted a 95% confidence level (CL) exclusion limit on
the W ′ mass equal to 1.12 TeV [48]. Recently, searches in the combined electron-neutrino
and muon-neutrino final states by both CMS and ATLAS notably extended the lower limit
to: mW ′ ≥ 2.27 TeV and 2.15 TeV, respectively (see last publications [41, 42] and previous
ones [50–52]).
These analyses are based on the production of W ′-bosons and their subsequent decay into
a charged lepton (electron or muon) and a neutrino, with an individual branching fraction
of about 8.5%. As neutrinos give rise to missing transverse momentum in the detector,
the selection criteria require candidate events with at least one high transverse momentum
lepton. The off-peak, high-end tail of the SM W -boson production and decay constitutes
the irreducible background, which is the primary source of noise. Reducible backgrounds
are also considered (see Ref. [41] and references therein for details). We concentrate on the
signal and its irreducible background, that is on the process:
pp→ W,W ′ → lνl (7)
with l = e, µ and lνl = l
−ν¯l + l+νl, and at 7 TeV center-of-mass energy. For the experi-
mental analyses, several large Monte Carlo (MC) samples are used to evaluate signal and
background efficiencies. The MC samples for both the W ′ signal and its electroweak irre-
ducible background are produced using PYTHIA at LO [53]. A mass dependent k-factor for
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the next-to-next-to-leading order (NNLO) correction is calculated and applied to the LO
cross-section. The W ′ contribution and the irreducible background are evaluated separately
as events are generated using PYTHIA, in which the interference has not been implemented
for this process.
Because the neutrino cannot be measured, the experimental analysis must rely on the
transverse mass of the leptonic system instead of its invariant mass, making a potential W ′
peak less prominent. Wide search-windows are thus generally used, in which the interference
might matter.
As an illustration, in Fig. 1 we show the differential cross-section in the electron-neutrino
transverse mass, mT (eνe), at LO in both electroweak and QCD interactions, for the LHC at
7 TeV (using CTEQ PDF). We consider two representative values for the W ′-boson mass:
mW ′ = 2000, 2400 GeV. The distribution obtained summing up SM irreducible background
and pure W ′ contribution, as done in PYTHIA (magenta dashed line), is compared with the
full result including the interference term (blue solid line). The SM background is displayed
as reference (yellow dotted line). Owing to the destructive interference pattern, there is a
sizeable reduction of the differential cross-section: around 1 TeV, the predicted distribution
can go down to about half of what would be expected when neglecting the interference, as
can be read from the inset plots.
Clearly, the inclusion of the interference term brings an important change in the shape of
themT distribution compared to the prediction obtained by summing up SM background and
pure signal. Only at around 100 GeV before the W ′-boson Jacobian peak does the interfer-
ence drop down to a few percent and become negligible. The approximation adopted by the
experimental collaborations (as the interference has not been implemented in PYTHIA) has
then a restricted validity domain. Neglecting the interference outside the above-mentioned
domain has three main consequences. First of all, the choice of the optimal minimum mT
cut to enhance the signal over background ratio can favour too low edges compared to the
complete calculation. Secondly, in the commonly used ”counting strategy”, the number of
expected events collected from above the mT cut is overestimated (see Tab. I at the end
of the section), which skews any estimate of the deviation from the SM prediction. Lastly,
modelling the shape of the SM irreducible background via a functional form could be biased.
As shown in Fig. 2, which displays the mT distribution of the model prediction normalised
to the SM background, if one neglects the interference term (magenta dashed line) the mT
13
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FIG. 1: (Colour online) (a) Differential cross-section in the dilepton transverse mass for mW ′=2000
GeV, considering 7 TeV pp collisions. The magenta dashed line shows the SM background plus the
pure W ′-boson contribution as implemented in PYTHIA. The blue solid line gives the complete
theoretical distribution, including the interference term between W and W ′-bosons. The yellow
dotted line represents the SM irreducible background as reference. (b) Same for mW ′=2400 GeV.
The inset plots display the interference term normalised to the complete theoretical prediction.
region which can be assumed to be BSM physics free can extend up to around 600 GeV.
Within that approximation, the BSM physics contribution is indeed apparently below the
5% level in that range. However, if one includes the interference (blue solid curve) the
situation changes. The mT region where the BSM physics contribution can be considered
negligible shrinks down to about 300 GeV for the two representative W ′-boson masses we
have chosen. Therefore the effect of the interference should be taken into account when
defining a procedure to estimate the SM background.
We now concentrate more specifically on the W ′-boson signal (i.e. subtracting the SM
irreducible background). In Fig. 3, we plot the differential cross-section in the dilepton
transverse mass for two representative values of the W ′-boson mass: mW ′ = 2000, 2400
GeV. We compare the W ′ signal prediction with and without the interference term. As
already anticipated, the complete signal becomes negative below a certain mT value. While
14
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FIG. 2: (Colour online) (a) Ratio between the differential cross-section in the dilepton transverse
mass for the prediction of the model and the SM irreducible background, considering 7 TeV pp
collisions. The blue solid line shows the ratio obtained when including the interference. The
magenta dashed line represents the ratio without taking into account the interference. We consider
mW ′=2000 GeV. (b) Same for mW ′=2400 GeV.
the approximate result is positive-definite over all the mT range. In the LHC analyses the
mass dependent k-factor for the next-to-next-to-leading order (NNLO) correction is calcu-
lated and applied to the LO “pure” signal cross-section. Since the effect of the interference
is significative, it would be advisable to refer instead to the computation given in Ref. [46]
where this term is taken into account. We should not expect the picture to change signifi-
cantly though, as the QCD corrections will affect the “production side” of the process, while
the interference effect has to do with the propagator factor in the partonic cross-section.
To quantify these effects on the integrated signal cross-section, in Fig. 4 we plot the
cumulative result as a function of the lower cut on the dilepton transverse mass, mT cut. We
compare as before approximate and complete calculations for two representative values of
the W ′ mass: mW ′ = 2000, 2400 GeV. As the mT cut is decreased, the divergence between
the two predictions increases. Below a critical mT cut, the new physics signal cross-section
even becomes negative. The two pieces of information one can extract from this figure are
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FIG. 3: (Colour online) (a) Differential cross-section in the dilepton transverse mass for mW ′=2000
GeV, considering 7 TeV pp collisions. The magenta dashed line shows the pure W ′-boson signal as
implemented in PYTHIA. The blue solid line gives the theoretical distribution of the BSM signal,
including the interference term between W and W ′-bosons. The yellow dotted line represents the
SM irreducible background as reference. (b) Same for mW ′=2400 GeV.
the following.
If a lower mT cut is imposed, the approximation can overestimate the signal cross-section
by an amount which depends on how far from the Jacobian peak the mT cut is chosen. This
is summarised in Tab. I, where we show the overestimation of the W ′-boson signal cross-
section in percent via a comparison between the approximate and complete calculations.
The values for the mT cut have been chosen according to the latest CMS analysis [41].
For the selected W ′-boson masses, the discrepancy can range from 4% to 64%. Such an
overestimation of the new physics signal leads to placing a too strict exclusion bound on
the mass of a W ′. The effect should not be too dramatic though, but big enough to be
considered nevertheless.
The second piece of information is related to the existence of a critical mT cut below
which the BSM signal cross-section becomes negative. This implies, as anticipated in section
II D, that the fully integrated signal cross-section is negative in most cases of interest (the
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FIG. 4: (Colour online) (a) W ′ signal cross-section as a function of the minimum mT cut for
mW ′=2000 GeV, considering 7 TeV pp collisions. The magenta dashed line shows the the pure
W ′-boson contribution as implemented in PYTHIA. The blue solid line gives the BSM signal,
including the interference term between W and W ′-bosons. (b) Same for mW ′=2400 GeV.
contribution below the W peak is large enough to make the total result positive only for
W ′ masses below about 1.3 TeV in this model). Values are given in the last column of
Tab. I. This illustrates the point made in section II D that this quantity does not reflect
the prediction of the model in the search region as it can be dominated by the qualitatively
different behaviour of the interference at lower energy.
B. The 4-site Higgsless model
The 4-site Higgsless model represents the next-to-minimal extension of the 3-site Higgsless
model [54] that corresponds to a particular choice of the BESS model [25, 26]. They both
belong to the class of deconstructed Higgsless theories [16–24]. In their general formulation,
these theories are based on the SU(2)L ⊗ SU(2)K ⊗ U(1)Y gauge symmetry, and contain
K+1 non-linear σ-model scalar fields interacting with the gauge fields, which trigger the
spontaneous electroweak symmetry breaking. They constitute a viable alternative to the
standard EWSB mechanism based on the existence of a light fundamental Higgs boson.
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mW ′ mT cut
σ (mT cut) [fb] σ total [fb]
signal signal diff. SM signal signal
[GeV] [GeV] no interf. with interf. in % backgr. no interf. with interf.
1400 1000 67.4 65.0 3.7 1.1 131.1 −30.1
1600 1100 31.3 29.7 5.5 0.6 60.1 −59.3
1800 1100 16.1 14.6 10 0.6 28.5 −63.4
2000 1100 8.0 6.8 18 0.6 14.0 −59.0
2200 1100 3.9 3.0 32 0.6 7.1 −52.3
2400 1100 1.9 1.2 64 0.6 3.7 −45.6
TABLE I: From left to right, the columns indicate the W ′-boson mass value, the minimum mT cut,
the cross-section for the W ′-boson without interference calculated from the mT lower cut on, the
cross-section for the W ′-boson with interference from the mT lower cut on, the difference in percent
between these two normalised to the latter, the SM irreducible background from the mT lower cut
on, the total cross-section for the W ′-boson signal without and with interference. Computed for 7
TeV pp collisions. No efficiency and acceptance factors are included.
The case K=1 corresponds to the minimal Higgsless model, more commonly called 3-site
model.
The 4-site Higgsless model is defined by taking K=2, and requiring the Left-Right (LR)
symmetry in the gauge sector. More explicitly, it is a linear moose based on the electroweak
gauge symmetry SU(2)L⊗SU(2)1⊗SU(2)2⊗U(1)Y . Its theoretical foundations are presented
in [27], while some of its phenomenological consequences are analyzed in [32–35].
In the unitary gauge, the 4-site model predicts two new triplets of gauge bosons, which
acquire mass through the same non-linear symmetry breaking mechanism giving mass to
the SM gauge bosons. Let us denote with W±iµ and Ziµ (i=1, 2) the four charged and two
neutral heavy resonances appearing as a consequence of the gauge group extension, and with
W±µ , Zµ and Aµ the SM gauge bosons. Owing to its gauge structure, the 4-site Higgsless
model a priory contains seven free parameters: the SU(2)L⊗U(1)Y gauge couplings, g˜ and
g˜′, the extra SU(2)1,2 gauge couplings that, for simplicity, we assume to be equal, g2 = g1,
the bare masses of lighter (W±1 , Z1) and heavier (W
±
2 , Z2) gauge boson triplets, m1,2, and
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their bare direct couplings to SM fermions, b1,2. However, their number can be reduced
to four, by fixing the gauge couplings g˜, g˜′, g1 in terms of the three SM input parameters
e,GF ,mZ which denote electric charge, Fermi constant and Z-boson mass, respectively. As
a result, the parameter space is completely defined by four independent free parameters
which we choose to be m2, z, b1 and b2, where z = m1/m2 is the ratio between the bare
masses. In terms of these four parameters, physical masses and couplings of the extra gauge
bosons to ordinary matter can be obtained via a complete numerical algorithm [35]. In
the following, we choose to describe the full parameter space via the physical observables:
mW2, z, aW1, aW2 which denote the mass of the lighter extra charged gauge boson, the ratio
between bare masses (which, as shown in [35] is a good approximation of the ratio between
physical masses mW1/mW2), and the couplings of lighter and heavier extra charged gauge
bosons to ordinary matter, respectively.
In terms of the above quantities, the Lagrangian describing the interaction between
charged gauge bosons and fermions has the following expression:
LCC = ψ¯γµT−ψ
(
aWW
+
µ + aW1W
+
1µ + aW2W
+
2µ
)
+ h.c. (8)
where ψ denotes SM quarks and leptons. This expression will be used later when discussing
production and decay of the two extra charged gauge bosons in the Drell-Yan channel.
Any analysis is meaningless without deriving first EWPT bounds. In Ref. [35], we used
the i (i=1,2,3) parametrization [55–58] to extract limits on the 3-site and 4-site Higgsless
models. The outcome is that both 1,3 play a fundamental role in constraining the 4-site
model: 3 generates a strong correlation between the couplings of lighter and heavier extra
charged gauge bosons to SM fermions, aW1,W2, while 1 limits their magnitude. Owing
to the above-mentioned correlation, the number of free parameters can be further reduced
to three. With this mild approximation, we can choose to describe the parameter space
of the 4-site model in terms of the following set of physical quantities: mW2, aW2 and
z = m1/m2 ' mW1/mW2. At fixed z, the main consequences of the EWPT on masses
and couplings of the extra heavy gauge bosons can be summarised as follows. Even if
constrained, the aW2 coupling can be of the same order of magnitude than the corresponding
SM coupling. This result is common to all other couplings between extra gauge bosons
and ordinary matter, which can be uniquely derived from aW2 via our complete numerical
algorithm. This is an important property which makes a very clear distinction between
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4-site and 3-site model. The latter predicts indeed a unique gauge boson triplet, constrained
to be (almost) fermiophobic in order to reconcile unitarity and EWPT bounds. Hence,
oppositely to the minimal model, the next-to-minimal extension (or 4-site) displays the
inner extra-dimensional nature of Higgsless theories, which are characterised by a tower of
non-fermiophobic Kaluza-Klein resonances. The 4-site model has thus the potential of being
detected during the early stage of the LHC experiment in the Drell-Yan channel. As to the
spectrum, EWPT impose a lower limit on the mass of the extra gauge bosons. The minimum
mass can range between 250 and 600 GeV, depending on the z-parameter value (see Ref.
[35] for computational details). The maximum allowed value for the mass of the extra gauge
bosons is instead fixed by the requirement of perturbative unitarity. As well known, one of
the main motivations for Higgsless theories predicting an extended gauge sector, compared
to the SM with no light elementary Higgs, is the ability to delay the perturbative unitarity
violation up to energy scales of the order of a few TeV. Beyond that scale, new physics should
come out. Higgsless theories must be indeed interpreted as effective low-energy theories. In
[32–34], all vector boson scattering (VBS) amplitudes which are the best smoking gun for
unitarity violations are computed, with the conclusion that the 4-site Higgsless model should
preserve unitarity up to around 3 TeV. Thus, the allowed mass-range for the 4-site model is
roughly [250, 3000] GeV.
A parton level analysis of the W1,2-boson search in the Drell-Yan channel at the 7 TeV
LHC was recently presented in Ref. [36]. Here, we focus specifically on the effect of the
interference between extra heavy W1,2 and the SM W -bosons on the observables used in
the experimental analysis of the final state with a charged lepton and a neutrino. We thus
discuss how the distributions, presented in the previous section, appear in the 4-site model.
In Fig. 5, we display the differential cross-section in the dilepton transverse mass, mT (lνl)
with l = e, µ, at LO in both EW and QCD interactions. We choose two representative masses
for the heavier charged gauge boson: mW2 = 2000, 2400 GeV. The distribution is plotted
for a fixed value of the z-parameter, z = 0.8, and for the maximal couplings between extra
gauge bosons and SM fermions allowed by EWPT. In this setup, the mass of the lighter
charged gauge boson is fixed to be mW1 = 1600, 1920 GeV respectively. As one can see,
the multi-resonance peaking structure is quite visible, especially when the interference is
included (blue solid line).
A direct comparison with the benchmark model predictions given in the previous section
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FIG. 5: (Colour online) (a) Differential cross-section in the dilepton transverse mass for z=0.8 and
mW2=2000 GeV, considering 7 TeV pp collisions. The magenta dashed line shows the SM back-
ground plus the pure W1,2-boson contribution. The blue solid line gives the complete theoretical
distribution, including the interference term between W and W1,2-bosons. The yellow dotted line
represents the SM irreducible background as reference. (b) Same for mW2=2400 GeV. The inset
plots display the interference term normalised to the complete theoretical prediction.
shows that in the 4-site model the impact of the interference term on the mT (lνl) distribution
is much stronger. In the TeV region, the expected number of events gets indeed depleted
by more than a factor of four with respect to the theoretical prediction without interference
(magenta dashed line). Once again, accounting for the interference brings an important
change in the shape of the mT (lνl) distribution as compared to the prediction obtained by
summing up SM background and pure W1,2-boson contribution. In the high energy scale
region used for BSM physics searches, only starting from the lighter resonance Jacobian
peak the interference drops down to a few percent level, and becomes negligible as shown
in the inset plot. This suggests that the minimum mT (lνl) cut, which defines the search
window, should be chosen around that value if one wants to work in the approximation
where the interference is neglected. If too low, it could indeed bring to an overestimation of
the predicted number of events within the adopted approximation.
21
0 200 400 600 800 1000 1200
0.0
0.5
1.0
1.5
2.0
mT @GeVD
â
Σ
â
m
T
â
Σ
S
M
â
m
T
z = 0.8, m2 = 2.0 TeV
prediction wo interf.
prediction
(a)
0 200 400 600 800 1000 1200 1400
0.0
0.5
1.0
1.5
2.0
mT @GeVD
â
Σ
â
m
T
â
Σ
S
M
â
m
T
z = 0.8, m2 = 2.4 TeV
prediction wo interf.
prediction
(b)
FIG. 6: (Colour online) (a) Ratio between the differential cross-section in the dilepton transverse
mass for the prediction of the model and the SM irreducible background, considering 7 TeV pp
collisions. The blue solid line shows the ratio obtained when including the interference. The
magenta dashed line represents the ratio without taking into account the interference. We consider
z=0.8 and mW2= 2000 GeV. (b) Same for mW2=2400 GeV.
Analogously, in the low mT (lνl) region used for shaping the irreducible SM background
from observed data, the interference drops down to a few percent level only below mT (lνl) '
200 GeV. The BSM physics free region is shown in Fig. 6 for z = 0.8 and mW2 = 2000, 2400
GeV. As for the benchmark model presented in the previous section, here we display the
ratio between the mT distribution for the BSM model and the SM irreducible background.
We compare the results obtained with (blue solid line) and without (magenta dashed line)
interference terms between W1,2 and W -bosons. Also in this case, neglecting the interference
leads to an overestimation of the BSM physics free region. Within this approximation, the
W1,2-boson contribution would indeed remain below the order of 5% up to mT (lνl) ' 600
GeV. The complete prediction suggests instead that in order to perform a model independent
analysis one should only take data in the restricted range mT (lνl) ' 200 GeV to fit the
functional form of the SM background.
We now concentrate on the interpretation of the experimental results in terms of the 95%
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FIG. 7: (Colour online) (a) Differential cross-section in the dilepton transverse mass for z=0.8
and mW2=2000 GeV, considering 7 TeV pp collisions. The magenta dashed line shows the pure
W1,2-boson contribution. The blue solid line gives the theoretical distribution of the BSM signal,
including the interference term between W and W1,2-bosons. The yellow dotted line represents the
SM irreducible background as reference. (b) Same for mW2=2400 GeV.
CL exclusion bound on the mass of extra heavy gauge bosons. In Fig. 7, we show the mT
distribution for the W1,2-boson signal with (blue solid line) and without (magenta dashed
line) interference between W1,2 and W -bosons. The curves displayed support the result
obtained previously for the benchmark model. Also within the 4-site model in fact the
W1,2-boson signal becomes negative below a certain mT value, while the approximate result
is always positive-definite. The total cross-section for the W1,2-boson signal can become
negative as well. This is displayed in Fig. 8, where we compare the total cross-section for the
W1,2-boson signal with (blue solid line) and without (magenta dashed line) interference terms
between W1,2 and W -bosons as a function of the minimum cut on the dilepton transverse
mass.
The consequences of this behaviour are summarised in Tab. II. For the minimum mT cuts
imposed by recent experimental analyses [41, 42], the signal event overestimation induced by
neglecting interference terms ranges between 6% and 266% in the considered mass spectrum.
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FIG. 8: (Colour online) (a) W1,2 signal cross-section as a function of the minimum mT cut for
z=0.8 and mW2=2000 GeV, considering 7 TeV pp collisions. The magenta dashed line shows the
pure W1,2-boson contribution. The blue solid line gives the BSM signal, including the interference
term between W and W1,2-bosons. (b) Same for mW2=2400 GeV.
Compared to the previously discussed benchmark model, the 4-site displays a much stronger
impact of the interference terms on the extraction of exclusion limits. As shown in the
last column of the table, the complete signal cross-section is negative, just as in the W ′
benchmark model, and provides another illustration of the discussion in section II D.
IV. CONCLUSION
In this paper, we have focussed our attention on the importance of interference effects in
searches for new physics. Our concern is that such effects are often being neglected when
analysing and interpreting observed data. To make our point, we have taken as sample case
the extra heavy W ′-boson search at the LHC in the charged lepton plus neutrino final state.
We have considered two reference theoretical models in order to give a wider view: the so-
called benchmark model inspired by Ref. [40] and used by CMS and ATLAS experimental
collaborations, and the Higgsless 4-site model.
A summary examination of the matrix element squared of the W ′-boson production
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m2 mT cut
σ (mT cut) [fb] σ total [fb]
signal signal diff. SM signal signal
[GeV] [GeV] no interf. with interf. in % backgr. no interf. with interf.
1400 1000 11.6 10.9 5.7 1.1 27.0 −66.9
1600 1100 7.0 6.2 12 0.6 17.8 −65.4
1800 1100 4.9 3.7 31 0.6 12.4 −59.7
2000 1100 3.4 2.1 62 0.6 9.3 −51.5
2200 1100 2.3 1.1 121 0.6 7.4 −41.5
2400 1100 1.7 0.5 266 0.6 6.2 −30.3
TABLE II: From left to right, the columns indicate the W2-boson mass value, the minimum mT
cut, the cross-section for the W1,2-boson without interference calculated from the mT lower cut
on, the cross-section for the W1,2-boson with interference from the mT lower cut on, the difference
in percent between these two normalised to the latter, the SM irreducible background from the
mT lower cut on, the total cross-section for the W1,2-boson signal without and with interference.
We assume z=0.8. Computed for 7 TeV pp collisions. No efficiency and acceptance factors are
included.
and decay subprocess at tree-level indicates that the interference between SM and BSM
contributions can be sizeable and negative in the intermediate energy range between the
resonance peaks, in particular if the extra bosons couple universally to left-handed fermions.
To make quantitative statements about the implications of these effects, we have analysed
the two above-mentioned reference models.
Our study confirms that the interference is minimal only around the Jacobian peak of the
distribution in the dilepton transverse mass mT (lνl), the key observable used in experimental
analyses. Away from the peak, it is substantial. It can decrease the mT (lνl) differential cross-
section by more than a factor of four compared to the result with no interference included.
The size of this effect is model dependent and varies with the W ′-boson mass. Nevertheless,
there is up to a factor of two difference already for mW ′ ' 2.1 TeV, i.e. the value quoted as
95% CL bound on the W ′-boson mass in the latest CMS and ATLAS publications.
Neglecting the interference has several consequences. It should affect the estimate of the
optimal cut on the mT (lνl) variable to enhance the signal over background ratio, leading
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to an underestimation of the value of this cut. In addition, one generally overestimates the
number of predicted signal events in the search window when using this approximation. The
direct implication is that the extracted 95% CL exclusion bound on the mass of the heavy
W ′-boson in published analyses is likely to be too strict.
Another consequence concerns the estimate of the mT (lνl) range which can be assumed to
be new physics free and thus used to derive a functional form describing the SM background
via a fit to the observed data. The derived SM background is then extrapolated to the
high energy range where new physics effects are expected to appear. In the cases we have
considered, the above-mentioned new physics free range shrinks by roughly a factor three
when including interference terms, its upper bound going from 600 GeV down to 200 GeV.
This implies that only the range strictly around the Jacobian peak of the SM W -boson can
formally be considered to be new physics free. Even though points outside this range are
taken into account, it can be expected that they do not contribute much to the fit, since
most points lie in the lower-end of the range. Nevertheless, one should be aware of this effect
and use appropriate care.
Lastly, the predicted signal cross-section for the production and decay of extra heavy
W ′-boson(s) can be negative if the interference with SM background is included and no
kinematic cut is applied. More precisely it is negative because it is dominated by the SM
contribution through the interference term, therefore is not indicative of the characteristics
of the new physics. Therefore, presenting exclusion bounds on the W ′-boson mass in terms
of this observable does not have a clear direct meaning. Currently, the interpretation of
experimental results is expressed via the 95% CL upper bound on the cross-section for the
W ′-boson production and decay. This limit is cleaned up from any kinematic cuts, efficiency
and acceptance factors in order to simplify its comparison with the theoretical signal cross-
section and extract exclusion bounds on the W ′ mass for any possible model. This choice
makes sense if the new physics contribution to the cross-section is positive-definite and
independent of the SM, which is only true if the interference vanishes or if it is neglected.
Our conclusion is that the cut on mT (lνl) used for the data analysis should be kept in
the definition of the 95% CL upper bound on the new physics cross-section. Presenting
limits as a function of this cut would allow for better comparisons with arbitrary models, in
particular including interference effects, by providing means to choose the optimal cut case
by case.
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Note added in proof
During the completion of this work, the CMS collaboration has released new results on
the search for a new heavy gauge boson W’ decaying to an electron or muon, plus a low mass
neutrino [59]. This study uses data corresponding to an integrated luminosity of 5.0 inverse
femtobarns, collected using the CMS detector in pp collisions at a centre-of-mass energy of
7 TeV at the LHC. It determines 95% CL mass exclusion limits for a range of W’ models,
also taking into account the interference between the extra W’-boson and the standard
model W-boson. Moreover, they have been following our main suggestion for presenting
and interpreting data.
Acknowledgments
E.A. and D.B. acknowledge financial support from the NExT Institute and SEPnet. E.A.
thanks the theoretical physics department of the University of Torino for hospitality. The
work of S.D.C., D.D. and L.F. is partly supported by the Italian Ministero dell’Istruzione,
dell’ Universita` e della Ricerca Scientifica, under the COFIN program (PRIN 2008).
[1] E. Accomando, A. Belyaev, L. Fedeli, S. F. King, and C. Shepherd-Themistocleous, “Z’
physics with early LHC data,” Phys.Rev. D83 (2011) 075012, arXiv:1010.6058 [hep-ph].
[2] J. C. Pati and A. Salam, “Lepton Number as the Fourth Color,” Phys.Rev. D10 (1974)
275–289.
[3] R. Mohapatra, J. C. Pati, and L. Wolfenstein, “The Superweak Model of CP-Violation in
Unified Gauge Theories,” Phys.Rev. D11 (1975) 3319.
[4] G. Senjanovic and R. N. Mohapatra, “Exact Left-Right Symmetry and Spontaneous
Violation of Parity,” Phys.Rev. D12 (1975) 1502.
[5] S. Gopalakrishna, T. Han, I. Lewis, Z.-g. Si, and Y.-F. Zhou, “Chiral Couplings of W’ and
Top Quark Polarization at the LHC,” Phys.Rev. D82 (2010) 115020, arXiv:1008.3508
[hep-ph].
[6] M. Frank, A. Hayreter, and I. Turan, “Production and Decays of WR bosons at the LHC,”
Phys.Rev. D83 (2011) 035001, arXiv:1010.5809 [hep-ph].
27
[7] A. Maiezza, M. Nemevsek, F. Nesti, and G. Senjanovic, “Left-Right Symmetry at LHC,”
Phys.Rev. D82 (2010) 055022, arXiv:1005.5160 [hep-ph].
[8] M. Nemevsek, F. Nesti, G. Senjanovic, and Y. Zhang, “First Limits on Left-Right Symmetry
Scale from LHC Data,” Phys.Rev. D83 (2011) 115014, arXiv:1103.1627 [hep-ph].
[9] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, “The Hierarchy problem and new
dimensions at a millimeter,” Phys.Lett. B429 (1998) 263–272, arXiv:hep-ph/9803315
[hep-ph].
[10] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, “New dimensions at a
millimeter to a Fermi and superstrings at a TeV,” Phys.Lett. B436 (1998) 257–263,
arXiv:hep-ph/9804398 [hep-ph].
[11] L. Randall and R. Sundrum, “A Large mass hierarchy from a small extra dimension,”
Phys.Rev.Lett. 83 (1999) 3370–3373, arXiv:hep-ph/9905221 [hep-ph].
[12] E. Accomando, I. Antoniadis, and K. Benakli, “Looking for TeV scale strings and extra
dimensions,” Nucl.Phys. B579 (2000) 3–16, arXiv:hep-ph/9912287 [hep-ph].
[13] E. Boos, I. Volobuev, M. Perfilov, and M. Smolyakov, “Searches for W’ and Z’ in models with
large extra dimensions,” Theor.Math.Phys. 170 (2012) 90–96, arXiv:1106.2400 [hep-ph].
[14] K. Agashe, H. Davoudiasl, S. Gopalakrishna, T. Han, G.-Y. Huang, et al., “LHC Signals for
Warped Electroweak Neutral Gauge Bosons,” Phys.Rev. D76 (2007) 115015,
arXiv:0709.0007 [hep-ph].
[15] K. Agashe, S. Gopalakrishna, T. Han, G.-Y. Huang, and A. Soni, “LHC Signals for Warped
Electroweak Charged Gauge Bosons,” Phys.Rev. D80 (2009) 075007, arXiv:0810.1497
[hep-ph].
[16] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, “(De)constructing dimensions,”
Phys.Rev.Lett. 86 (2001) 4757–4761, arXiv:hep-th/0104005 [hep-th].
[17] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, “Electroweak symmetry breaking from
dimensional deconstruction,” Phys.Lett. B513 (2001) 232–240, arXiv:hep-ph/0105239
[hep-ph].
[18] C. T. Hill, S. Pokorski, and J. Wang, “Gauge invariant effective Lagrangian for Kaluza-Klein
modes,” Phys.Rev. D64 (2001) 105005, arXiv:hep-th/0104035 [hep-th].
[19] H.-C. Cheng, C. T. Hill, S. Pokorski, and J. Wang, “The Standard model in the latticized
bulk,” Phys.Rev. D64 (2001) 065007, arXiv:hep-th/0104179 [hep-th].
28
[20] H. Abe, T. Kobayashi, N. Maru, and K. Yoshioka, “Field localization in warped gauge
theories,” Phys.Rev. D67 (2003) 045019, arXiv:hep-ph/0205344 [hep-ph].
[21] A. Falkowski and H. D. Kim, “Running of gauge couplings in AdS(5) via deconstruction,”
JHEP 0208 (2002) 052, arXiv:hep-ph/0208058 [hep-ph].
[22] L. Randall, Y. Shadmi, and N. Weiner, “Deconstruction and gauge theories in AdS(5),”
JHEP 0301 (2003) 055, arXiv:hep-th/0208120 [hep-th].
[23] D. Son and M. Stephanov, “QCD and dimensional deconstruction,” Phys.Rev. D69 (2004)
065020, arXiv:hep-ph/0304182 [hep-ph].
[24] J. de Blas, A. Falkowski, M. Perez-Victoria, and S. Pokorski, “Tools for deconstructing
gauge theories in AdS(5),” JHEP 0608 (2006) 061, arXiv:hep-th/0605150 [hep-th].
[25] R. Casalbuoni, S. De Curtis, D. Dominici, and R. Gatto, “Effective Weak Interaction Theory
with Possible New Vector Resonance from a Strong Higgs Sector,” Phys.Lett. B155 (1985)
95.
[26] R. Casalbuoni, S. De Curtis, D. Dominici, and R. Gatto, “Physical Implications of Possible
J=1 Bound States from Strong Higgs,” Nucl.Phys. B282 (1987) 235.
[27] R. Casalbuoni, S. De Curtis, D. Dolce, and D. Dominici, “Playing with fermion couplings in
Higgsless models,” Phys.Rev. D71 (2005) 075015, arXiv:hep-ph/0502209 [hep-ph].
[28] R. S. Chivukula, E. H. Simmons, H.-J. He, M. Kurachi, and M. Tanabashi,
“Multi-gauge-boson vertices and chiral Lagrangian parameters in Higgsless models with ideal
fermion delocalization,” Phys.Rev. D72 (2005) 075012, arXiv:hep-ph/0508147 [hep-ph].
[29] R. S. Chivukula, E. H. Simmons, H.-J. He, M. Kurachi, and M. Tanabashi, “Ideal fermion
delocalization in five dimensional gauge theories,” Phys.Rev. D72 (2005) 095013,
arXiv:hep-ph/0509110 [hep-ph].
[30] J. Bechi, R. Casalbuoni, S. De Curtis, and D. Dominici, “Effective fermion couplings in
warped 5D Higgsless theories,” Phys.Rev. D74 (2006) 095002, arXiv:hep-ph/0607314
[hep-ph].
[31] R. Casalbuoni, S. De Curtis, D. Dominici, and D. Dolce, “Holographic approach to a
minimal Higgsless model,” JHEP 0708 (2007) 053, arXiv:0705.2510 [hep-ph].
[32] E. Accomando, S. De Curtis, D. Dominici, and L. Fedeli, “Drell-Yan production at the LHC
in a four site Higgsless model,” Phys.Rev. D79 (2009) 055020, arXiv:0807.5051 [hep-ph].
[33] E. Accomando, S. De Curtis, D. Dominici, and L. Fedeli, “The Four site Higgsless model at
29
the LHC,” Nuovo Cim. B123 (2008) 809–811, arXiv:0807.2951 [hep-ph].
[34] E. Accomando, S. De Curtis, D. Dominici, and L. Fedeli, “Z’ production at the LHC in the
four-site Higgsless model,” Phys.Rev. D83 (2011) 015012, arXiv:1010.0171 [hep-ph].
[35] E. Accomando, D. Becciolini, L. Fedeli, D. Dominici, and S. De Curtis, “Improved analysis
of the bounds from the electroweak precision tests on the 4-site model,” Phys.Rev. D83
(2011) 115021, arXiv:1105.3896 [hep-ph].
[36] E. Accomando, D. Becciolini, S. De Curtis, D. Dominici, and L. Fedeli, “W’ production at
the LHC in the 4-site Higgsless model,” Phys.Rev. D84 (2011) 115014, arXiv:1107.4087
[hep-ph].
[37] J. Andersen, O. Antipin, G. Azuelos, L. Del Debbio, E. Del Nobile, et al., “Discovering
Technicolor,” Eur.Phys.J.Plus 126 (2011) 81, arXiv:1104.1255 [hep-ph].
[38] A. Belyaev, R. Foadi, M. T. Frandsen, M. Jarvinen, F. Sannino, et al., “Technicolor Walks
at the LHC,” Phys.Rev. D79 (2009) 035006, arXiv:0809.0793 [hep-ph].
[39] J. R. Andersen, T. Hapola, and F. Sannino, “W’ and Z’ limits for Minimal Walking
Technicolor,” Phys.Rev. D85 (2012) 055017, arXiv:1105.1433 [hep-ph].
[40] G. Altarelli, B. Mele, and M. Ruiz-Altaba, “SEARCHING FOR NEW HEAVY VECTOR
BOSONS IN p anti-p COLLIDERS,” Z.Phys. C45 (1989) 109.
[41] CMS Collaboration, “Search for W’ in the leptonic channels in pp Collisions at sqrt(s) = 7
TeV,” (2011) CMS–PAS–EXO–11–024.
[42] ATLAS Collaboration, G. Aad et al., “Search for a heavy gauge boson decaying to a
charged lepton and a neutrino in 1 fb-1 of pp collisions at sqrt(s) = 7 TeV using the ATLAS
detector,” Phys.Lett. B705 (2011) 28–46, arXiv:1108.1316 [hep-ex].
[43] E. Boos, V. Bunichev, L. Dudko, and M. Perfilov, “Interference between W ′ and W in
single-top quark production processes,” Phys.Lett. B655 (2007) 245–250,
arXiv:hep-ph/0610080 [hep-ph].
[44] D0 Collaboration, V. Abazov et al., “Search for W ′ Boson Resonances Decaying to a Top
Quark and a Bottom Quark,” Phys.Rev.Lett. 100 (2008) 211803, arXiv:0803.3256
[hep-ex].
[45] T. G. Rizzo, “The Determination of the Helicity of W ′ Boson Couplings at the LHC,” JHEP
0705 (2007) 037, arXiv:0704.0235 [hep-ph].
[46] A. Papaefstathiou and O. Latunde-Dada, “NLO production of W ’ bosons at hadron
30
colliders using the MC@NLO and POWHEG methods,” JHEP 0907 (2009) 044,
arXiv:0901.3685 [hep-ph].
[47] H. Georgi, E. E. Jenkins, and E. H. Simmons, “THE UNUNIFIED STANDARD MODEL,”
Nucl.Phys. B331 (1990) 541.
[48] CDF Collaboration, T. Aaltonen et al., “Search for a New Heavy Gauge Boson W ′ with
Electron + missing ET Event Signature in pp¯ collisions at
√
s = 1.96 TeV,” Phys.Rev. D83
(2011) 031102, arXiv:1012.5145 [hep-ex].
[49] D0 Collaboration, V. Abazov et al., “Search for W ′ bosons decaying to an electron and a
neutrino with the D0 detector,” Phys.Rev.Lett. 100 (2008) 031804, arXiv:0710.2966
[hep-ex].
[50] CMS Collaboration, V. Khachatryan et al., “Search for a heavy gauge boson W’ in the final
state with an electron and large missing transverse energy in pp collisions at sqrt(s) = 7
TeV,” Phys.Lett. B698 (2011) 21–39, arXiv:1012.5945 [hep-ex].
[51] CMS Collaboration, S. Chatrchyan et al., “Search for a W ′ boson decaying to a muon and a
neutrino in pp collisions at
√
s = 7 TeV,” Phys.Lett. B701 (2011) 160–179,
arXiv:1103.0030 [hep-ex].
[52] ATLAS Collaboration, G. Aad et al., “Search for high-mass states with one lepton plus
missing transverse momentum in proton-proton collisions at
√
s = 7 TeV with the ATLAS
detector,” Phys.Lett. B701 (2011) 50–69, arXiv:1103.1391 [hep-ex].
[53] T. Sjostrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual,” JHEP 0605
(2006) 026, arXiv:hep-ph/0603175 [hep-ph].
[54] R. S. Chivukula, B. Coleppa, S. Di Chiara, E. H. Simmons, H.-J. He, et al., “A Three Site
Higgsless Model,” Phys.Rev. D74 (2006) 075011, arXiv:hep-ph/0607124 [hep-ph].
[55] M. E. Peskin and T. Takeuchi, “A New constraint on a strongly interacting Higgs sector,”
Phys.Rev.Lett. 65 (1990) 964–967.
[56] M. E. Peskin and T. Takeuchi, “Estimation of oblique electroweak corrections,” Phys.Rev.
D46 (1992) 381–409.
[57] G. Altarelli and R. Barbieri, “Vacuum polarization effects of new physics on electroweak
processes,” Phys.Lett. B253 (1991) 161–167.
[58] G. Altarelli, R. Barbieri, and F. Caravaglios, “Electroweak precision tests: A Concise
review,” Int.J.Mod.Phys. A13 (1998) 1031–1058, arXiv:hep-ph/9712368 [hep-ph].
31
[59] CMS Collaboration, S. Chatrchyan et al., “Search for leptonic decays of W’ bosons in pp
collisions at sqrt(s)=7 TeV,” arXiv:1204.4764 [hep-ex].
